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Abstract 
We study the influence of including heterogeneity into earth models of a flow simulation for a prediction of the injected CO2 
behavior.  Multiple heterogeneous earth models are generated from seismic and geological prior information in a stochastic 
manner.  The flow simulations are performed with the heterogeneous models as well as a homogeneous model at one of the 
proposed storage site.  The variation of the results for the heterogeneous models is significant and the large amount of CO2 is 
migrated into the seal layer compared to the homogeneous case.  Although CO2 leakage from the seal layer is observed for a few 
models, the leakage mass ratio is less than 1 percent.  The result suggests that even if a reservoir and a seal are not homogeneous, 
the both layers can work as a storage layer in the whole system.  
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1. Introduction 
Flow simulator such as TOUGH2 is employed to predict the CO2 storage capacity and to evaluate the possibility 
of leakage at proposed sites for CO2 sequestration.  Despite the fact that most of subsurface formations are 
heterogeneous, homogeneous earth-models comprised of average reservoir properties are usually accepted due to a 
lack of information.  However, ignoring the heterogeneity may cause a large error in the prediction of storage 
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capacity or risk of the leakage; thus we need to ponder the impact of including heterogeneity of the reservoir and the 
seal.   
Yamamoto et al. (2013) [1] showed that different amount of CO2 are stored in the reservoir between a 
heterogeneous model and a homogeneous model.  The result is obtained for one of the realizations that can be built 
from available information, so the simulation must be conducted on multiple realizations in order to consider the 
uncertainty of the outcome.  However, if we include the heterogeneity into the reservoir properties like porosity and 
permeability, large computation resources are required to complete the simulation with multiple realizations, and it 
is not practical for preliminary analysis at an early phase of the project.  Instead, we limit the source of the 
heterogeneity to spatial variations of lithology within the reservoir and the seal by assuming that the reservoir and 
the seal consist of a mixture of sand and shale.  We do not consider the variations of the rock properties within the 
same lithology.  In other words, one given lithology, either sand or shale, has only one set of properties: porosity, 
permeability, relative permeability curve, capillary pressure curve, and pore compressibility.  By accepting this 
assumption, we can perform the flow simulation with acceptable computation time, and it enables us to investigate 
the uncertainty of the simulation results.  Fig. 1 shows the workflow of the study.   
 
 
Fig. 1. Workflow of the study to investigate the uncertainty. 
2. Methodology for creating heterogeneous models 
We build the heterogeneous earth models for the flow simulation by combining seismic and well logs with a 
stochastic approach.  The size of the earth model is 10 km by 10 km horizontally and 2.8 km vertically with 50 x 50 
x 27 cells.  The horizontal length of one grid cell is 200 m, while the vertical length of each cell varies with different 
layers and the thickness of the layers.  The earth model contains 5 layers: Top aquifer (Top), seal (Seal), reservoir 
(Reservoir), bottom seal (Bottom), and base rock (Base).  Each layer is divided into sub-layers, and the numbers of 
the sub-layers of each layer from the top are 4, 8, 8, 4, and 3, respectively.   
First, geological boundaries are determined by picking several horizons in 2D seismic profiles that covers target 
storage area.  To populate heterogeneous reservoir models, we adopt sequential indicator simulation that distributes 
several discrete indicator values in accordance with the volume fraction of the indicators and variogram that defines 
spatial correlation lengths and directions.  The horizontal correlation lengths for the variogram are decided by 
autocorrelation of 2D seismic profiles and the vertical one is determined from the gamma ray log.  The direction of 
the correlation is estimated from geological prior knowledge.  The volume fraction of the indicators in the reservoir 
and the seal, i.e. sand and shale, are determined by the lithology observed at several wells within the survey area.  
The parameters for the variograms are summarized in Table 1.   
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Acoustic impedance profiles obtained by seismic inversion are transformed to sand and shale probabilities with 
well log analysis and Bayesian statistics.  We created probability density by applying kernel density function to the 
acoustic impedance histograms of well logs.  The volume fraction of sand and shale in the reservoir and seal are 
used as prior information to update the probability density for the reservoir and the seal, individually.  According to 
Bayes rule, we compute the conditional probability of sand and shale at given acoustic impedance from the 
probability density.  Fig. 2 shows the result for the reservoir.  By using the conditional probability, sand and shale 
probabilities are obtained along the seismic survey lines.  Fig 3 shows the sand probability for the reservoir and seal.  
The calculated sand and shale probabilities are used as soft data in the sequential indicator co-simulation 
(COSISIM) [2] as illustrated in Fig. 4.  Fig. 5 is one of the heterogeneous models created by the stochastic 
simulation.  We conduct the multi-phase flow simulation with this kind of earth models.   
Table 1. Parameters of the variograms for the reservoir and the seal 
 Reservoir Seal Remarks 
Type Exponential Exponential  
Range 
[Max, Med, Min] 
2000,1500,30 1200,1000,10 
Horizontal ranges are determined from seismic and 
vertical one is from gamma ray log 
Angles (Azimuth) 32 degrees 32 degrees Based on geological study in this area (North-south direction) 
Sill, Nugget 1, 0 1, 0  
Marginal probabilities 
[shale, sand] 
[0.2, 0.8]  [0.8, 0.2] 
Based on geological prior information 
 
Fig. 2. Probability density of acoustic impedance for sand and shale multiplied by prior probability for the reservoir (left), Conditional 
probabilities of sand and shale in the reservoir (right) 
 
Fig. 3. Sand probability maps along the seismic lines for the reservoir (left) and for the seal (right) 
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Fig. 4. Workflow of sequential indicator co-simulation 
 
Fig. 5.  One of the heterogeneous earth models for the flow simulation (Bottom).  A slice of the reservoir (top left) and of the seal (top right).   
3. Flow simulation 
For multi-phase flow simulation, we use PetraSim [3], which is a program to control TOUGH2 [4] so that we can 
easily handle earth models and many parameters required for the flow simulation.  For the purpose of CO2 flow 
simulation, the ECO2N equation-of-state is selected [5].  ECO2N is a fluid property module designed for CO2 
geological storage.  The reservoir properties for each lithology such as porosity and permeability are determined 
based on the well logs and core measurements.  Capillary entry pressure is calculated by Young-Laplace equation 
with a relation of pore radius and permeability.  Some parameters that are necessary to define the capillary pressure 
and relative permeability curves are chosen from typical values in literatures (Table 2).   
Three injection wells are set around the center of the simulation grid with a horizontal injection interval of 600 m 
in length at a depth of 1400 m, which is approximately the middle depth of the reservoir interval (Fig.6).  The 
simulation is done for 100 years with an injection rate of 1 Mt/year, which is equivalent to 32 kg/s, and with an 
injection period of 20 years from the beginning of the simulation.   
We run the flow simulation with 25 realizations for heterogeneous models as well as one realization for a 
homogeneous model.  The homogeneous model has average porosity and effective permeability, i.e., vertical 
permeability is calculated by a harmonic average and the horizontal one is calculated by an arithmetic average.   
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Fig. 7 shows an example of the horizontal slices of CO2 gas saturation results corresponding to the homogeneous 
model and two of the heterogeneous models at 100 years after the injection started.  The predicted CO2 gas 
saturation pattern for the heterogeneous models reflects the heterogeneity included in the model, so the pattern for 
each model is not comparable.  The difference of the CO2 migration pattern among the models is more obvious in 
the vertical profile as shown in Fig. 8.  
 
Fig. 6. Locations of the injection wells 
Table 2. Material properties and parameters for each rock type 
Properties & parameters Sand Shale Sand in Aquifer 
Permeability (mD) 54.0 1.0 100 
Porosity 0.30 0.25 0.3 
Relative permeability 
(Corey’s function) 
௟ܵ௥ 0.5 0.8 0.3 
௚ܵ௥ 0.05 0.05 0.05 
Capillary pressure 
(Van Genuchten) 
ɉ 0.4 0.4 0.4 
௟ܵ௥ 0.5 0.8 0.3 
ͳ ଴ܲΤ  1.8E-4 8.3E-6 2.4E-4 
Pmax (MPa) 20 20 20 
Pore compressibility (1/Pa) 5E-10 5E-10 5E-10 
Table 3. Material properties and parameters of each layer for the homogeneous model 
Properties & parameters Reservoir Seal 
Permeability (mD) 
Vertical 4.66 1.24 
Horizontal 43.4 11.6 
Porosity 0.29 0.26 
Relative permeability 
(Corey’s function) 
௟ܵ௥ 0.5 0.8 
௚ܵ௥ 0.05 0.05 
Capillary pressure 
(Van Genuchten) 
ɉ 0.4 0.4 
௟ܵ௥ 0.5 0.8 
ͳ ଴ܲΤ  1.7E-4 8.3E-6 
Pmax (MPa) 20 20 
Pore compressibility (1/Pa) 5E-10 5E-10 
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Fig. 7. Horizontal slices at the depth of 1100m for the homogeneous model and two heterogeneous models.  The color represents CO2 gas 
saturation. 
 
Fig. 8. Vertical profiles for the three models at the position indicated by white line in Fig 7. 
4. Evaluation 
Since we can identify the CO2 phase (CO2 gas or dissolved CO2), we calculated the CO2 mass present in each 
layer for each phase at every time step in the simulation results.  Fig. 9 shows the mass of the CO2 distributed in the 
reservoir, seal, and top aquifer in the form of either CO2 gas or dissolved CO2 for one of the heterogeneous models.  
The mass of CO2 gas is increasing during the injection period, but is decreased after the injection stopped at 20 years 
due to the dissolution into the water.  Fig. 10 shows the time evolutionary changes of CO2 mass in the reservoir and 
the sum of the CO2 mass in the reservoir and the seal for the 25 heterogeneous models and the homogeneous model.  
We can recognize that the variation observed for the heterogeneous models is significant, and the result for the 
homogeneous case does not provide a mean value of the heterogeneous cases.   The CO2 mass stored in the reservoir 
of the homogeneous model is much larger than all of the results of the heterogeneous cases for gas phase, and the 
total CO2 gas stored in the reservoir and the seal is almost upper bound of the results of the heterogeneous models.  
Fig. 11 shows the mass of the CO2 present in each layer at the end of the simulation (100 years).  Here, I define a 
leak as when CO2 penetrates the seal and invades to the top layer; in other words, CO2 mass present in the top layer 
is regarded as a leaked CO2.   
In the homogeneous layered model, 25 G tons of CO2 are stored in the reservoir and about 6 G tons of CO2 have 
migrated in the seal as a gas phase.  On the other hand, the heterogeneous model shows variations ranging from 12 
to 19 G tons of CO2 as a gas phase in the reservoir and more in the seal.  Similar features are observed in the results 
for the dissolved CO2.   
The leakage mass ratios, which is the CO2 mass present in the top aquifer to the total injected CO2, calculated for 
the CO2 gas and the dissolved CO2 are less than 1 percentage (Fig. 12).  The quantity is not so significant that it 
seems be possible to store 1 Mt/year of CO2 in the entire system.  In other words, both the reservoir and the seal 
layers are considered to be working as a heterogeneous storage layer in the whole system.   
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Fig. 9. CO2 mass present in each layer (blue: reservoir, green: seal, brown: top aquifer) 
 
Fig. 10. Time evolutionary changes of CO2 mass in the reservoir (black lines) and the sum of the CO2 mass in the reservoir and seal (blue lines) 
for 25 heterogeneous models and one homogeneous model (red and magenta lines).     
 
Fig. 11. CO2 mass present in gas phase in each layer (blue: reservoir, green: seal, brown: top aquifer) 100 years after the injection started.  The 
results of 25 realizations of heterogeneous earth models and of 1 realization corresponding to a homogeneous model are displayed 
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Fig. 12. Histograms of the leakage mass ratio in gas phase (left) and aqueous phase (right). 
5. Conclusions 
A numerical simulation study has been conducted to evaluate the impact of including heterogeneity of the earth 
models.  We applied the stochastic modeling to create binary heterogeneous models (i.e., bimodal lithology) with 
seismic, well data and prior geological information, and then run the flow simulations with multiple realizations to 
analyze the variation of the results.  The variation of the result is considerable and it indicates that the heterogeneity 
gives a great impact on the prediction of CO2 migration.  Nevertheless, the leaked CO2 from the seal is not 
significant and it is possible to store a certain volume of CO2 in the whole heterogeneous system.  
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